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In£ammation is an important feature in thepathogenesis
ofmostchronic lungdiseases. It is characterizedby tissue
in¢ltration with various in£ammatory cells, including
eosinophils, mast cells, basophils, macrophages, neutro-
phils, T- and B-lymphocytes, and dendritic cells (1). In
tissues granulocytes release their toxic granule proteins
after being stimulated by soluble mediators released by
other in£ammatory cells (2). Therefore, it is important
to characterize the intracellular mechanisms regulating
the transport of granule contents in in£ammatory cells.
Intracellular vesicle-tra⁄c in mammalian cells is
mediated by transport vesicles that emerge from donor
compartments and they are speci¢cally targeted to
acceptor compartmentswhere theydeliver their content
aftermembrane fusion (3).This tra⁄c leads to three types
of fusion results: vesicle ^intracellular membranes, vesi-
cle ^vesicle or vesicle ^plasma membrane. The process
leading to fusion of vesicle ^plasma membrane is called
exocytosis, and it delivers proteins to the cell surface (re-
ceptors, e.g.CD11b, CD18) and export soluble molecules
(mediators, e.g. ECP) from the cell. A number of key pro-
teins involved in regulated exocytosis havebeen identi¢ed
from in£ammatory cells.This review is a brief summaryof
these proteins and it includes recent results from studies
on regulated exocytosis in in£ammatory cells.
CELLULARSECRETORYPATHWAYS
Protein secretion from mammalian cells can be either
constitutive or regulated (4,5) (Table 1). While both
pathways exist in most cells, the stimuli required for andCorrespondence shouldbe addressed to: Alok Shukla,MSc,PhD,
DepartmentofRespiratoryDiseases,AarhusUniversityHospital,DK-8000
Aarhus C,Denmark.Fax: +45 89492110; E-mail: ashukla@biobase.dkproducts released by regulated exocytosis are speci¢c
for di¡erentiated cells.
THESNARE-HYPOTHESIS
Regulated exocytosis occurs through a pathway consist-
ing of two steps: interaction of vesicles with the plasma
membrane (docking) and Ca 2+- triggered membrane
fusion [Fig.1(a)].
Most of the proteins participating in regulated exocy-
tosis were ¢rst biochemically characterized and cloned
from neurons (6,7). The physical contact between the
synaptic vesicles and the plasma membrane is thought
to be mediated by speci¢c protein^protein interaction.
The SNARE (soluble N-ethylmaleimide sensitive factor
attachment receptor)-hypothesis attempts to explain
this interaction (8,9). The original SNARE-hypothesis
postulates that vesicular tra⁄cking in a mammalian cell
involve a unique vesicle-bound ligand (v-SNARE) that
speci¢cally recognizes and interacts with two unique
receptor target molecules (t-SNAREs) found in the
plasma membrane. In synapses a vesicle-associated
membrane protein called VAMP-1 (or synaptobrevin-1)
has been identi¢ed as a v-SNARE, which interacts with
the t-SNAREs syntaxin-1 and SNAP-25 (synaptosomal-
associated protein of 25kDa) in the plasma membrane.
These three proteins form the SNARE-complex.
The essential role of these SNARE-proteins in regu-
lated exocytosis has been established by their sensitivity
to speci¢c proteolytic cleavage by the clostridial neuro-
toxins tetanus toxin and botulin toxin (10).
Synaptotagmin, a vesicular integral membrane pro-
tein, interacts transiently with the SNARE-complex
via SNAP-25 (11). According to the hypothesis, an
increase of intracellular Ca2+-concentration triggers
the association of the cytosolic proteins a- and
TABLE 1. Presentation of regulated and constitutive secretorypathways
Secretorypathway Outer signal
requirement
Secretory
form
Accumulation of
secretorygranules
Protein content
in secretorygranules
Regulatedpathway Yes Rapid Yes High
Constitutive pathway No Constitutive No Low
FIG. 1. (a) Presentation of the order of events leading to vesicle^plasmamembrane fusion in the SNARE-hypothesis. In the docking
step a SNARE-complex consisting of VAMP, syntaxin and SNAP-25 is formed. Synaptotagmin binds to the complex and is believed to
workas a Ca2+-sensitive clamp.Uponcalcium-binding synaptotagmindissociates fromthe SNARE-complexandallows a- and g-SNAP
to bind to the complex.The SNAPs recruitthe ATPase NSF which hydrolyses ATP and thereby dissociates the SNARE-complex.This
dissociationleads to fusionbetweenvesicle andplasmamembraneinwhichthevesiclesreleasetheircontent.Following the fusion step
the vesicles are recycled. (b) Schematic presentation showing the localization and potential protein^protein interactions of the core
proteins involved inregulated exocytosis.
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homology to SNAP-25) to the complex by displacing
synaptotagmin followed by recruitment of the ATPase
N-ethylmaleimide-sensitive factor (NSF). Hydrolysis of
ATP by NSF results in disruption of some SNARE-
complex protein interactions before membrane
fusion (12,13) and subsequently the vesicles are recycled
(14).
PRESENTATIONOFVESICLE
TARGETINGRECEPTORSAND
PROTEINSPARTICIPATINGIN
REGULATEDEXOCYTOSIS
The range of the minimal set of proteins that the
SNARE-hypothesis identi¢es as central to the exocytosis
is summarized inTable 2 and Fig.1(b).
The syntaxin family includes at least 16 mammalian
members and among these syntaxins 1A^B, 2, 3A^E
and 4 participate in exocytosis (15,16). The syntaxins 1A
and 1B are neuron-speci¢c, while the other syntaxins
are present in various tissues. They are integral mem-
brane proteins with a transmembrane domain at the C-
terminal that anchors the protein in themembrane.The
cytoplasmic part has coiled-coils regions which interact
withVAMPs and SNAP-25 (16).
SNAP-25 exists in two isoforms, SNAP-25A and
SNAP-25B, that arise by alternative splicing (17). It is
mainly found in neuronal cells, where it is associatedTABLE 2. Properties ofmammalianproteins participating in reg
Proteinprototype Molecular weight Subcellular localiza
Syntaxin 35 kDa Plasma-/vesiclemem
(integralmembrane p
SNAP-25 25 kDa Plasma-/vesiclemem
(palmitoylated tomem
SNAP-23 23 kDa Plasmamembran
(palmitoylated tomem
VAMP 18 kDa Vesiclemembran
(integralmembrane p
NSF 75 kDa Cytoplasm
a-, g-SNAP 35, 39 kDa Cytoplasm
Synaptotagmin 65 kDa Vesiclemembran
(integralmembrane p
Rab3 25 kDa Vesiclemembran
(attached tomembr
Munc-18 67 kDa Plasmamembran
(attached to synta
Hrs-2 115 kDa Plasmamembran
(attached to SNAP
Synaptophysin 38 kDa Vesiclemembran
(integralmembrane p
interactingwithVAwith the plasma membrane via palmitoylation on
cysteine residues at the center of the protein (18). Both
the N- and C-terminals are located in the cytoplasm and
contain coiled-coils regions which are believed to inter-
act with syntaxins, VAMPs, synaptotagmin and SNAPs
(19). SNAP-25 has an ubiquitously tissue-expressed
homologue, called SNAP-23 (20). It is 59% identical to
SNAP-25 and can like SNAP-25 interact with both syn-
taxins and VAMPs.
The VAMP (synaptobrevin) family currently has eight
described members: VAMP-1^8 (12,21). VAMP-1 and
VAMP-2 mainly exist in the brain, whereas the other
VAMP-isoforms are ubiquitously expressed. VAMPs are
integralmembrane proteins being anchored to themem-
brane of secretory granules by a transmembrane region
adjacent to the C-terminus. The conserved central do-
main is proposed to interact with syntaxins and SNAP-
25 (22).
NSF/SNAP-complex is build of the ATPase NSF and
the two SNAP-isoforms a- and g-SNAPs (23). Both NSF
and the SNAP-proteins are cytosolic proteins that are
ubiquitously expressed.They are required in most intra-
cellular vesicular fusion steps.The complex does not ex-
ist freely in the cytoplasm, but is formedupon binding of
the SNAP-proteins to the SNARE-complex.This binding
recruits NSF to the SNARE-complex, which hydrolyses
ATP, resulting in disruption of the SNARE-complex(24).
Synaptotagmin has at least a dozen mammalian iso-
forms,which all are locatedonvesicles(25). Synaptotagmin
I and II are only expressed in the brain, whereasulated exocytosis
tion Putative function References
brane
rotein)
t-SNARE 15,56,61
brane
brane)
t-SNARE 18,56,62
e
brane)
t-SNARE 20,63
e
rotein)
v-SNARE 12,64^66
Disrupts the SNARE-complex 24
Recruit NSF to the SNARE-complex 67
e
rotein)
Ca2+-sensitive clamp 25,68
e
ane)
Regulator 28
e
xin)
Molecular clamp 36
e
-25)
Molecular clamp 34
e
rotein
MP)
Molecular clamp 69,70
776 RESPIRATORYMEDICINEsynaptotagmin III-XII are detectedboth in and outside the
brain (26). All synaptotagmins have a N-terminal domain,
which is inserted in the vesicular membrane, and a large
cytoplasmic region with two Ca2+-binding domains (27).
Due to the ability of synaptotagmin to bind calcium, it is
believed to trigger exocytosis. According to this highly de-
batedpostulate, with low intracellular Ca2+ concentration
synaptotagmin binds to the SNARE-complex and thus
works as a clamp. But upon an outer Ca2+ signal leading
to an increase in intracellularCa2+ concentration, synapto-
tagmin binds calcium and displaces from the SNARE-
complex and thereby allows binding of SNAP-proteins to
the SNARE-complex (25).
The rab3 proteins consisting of rab 3A-D proteins are
involved in regulated exocytosis (28). Rab proteins be-
long to a large GTP-binding protein superfamily, which
exhibits low sequence identity except for GTP-binding
regions central in the proteins (29). They participate in
many steps of intracellular vesicle-tra⁄cking (30).
The four rab3 isoforms are associated with secretory
vesicles in a variety of cell types and di¡erential expres-
sion of rab3 isoforms has been reported (30,31).They are
associated with the vesicle membrane via geranylation
on C-terminal cysteine residues. The exact role of rab3
proteins is unknown, but it is assumed that they regulate
the assembly or ¢delity of the SNARE proteins, e.g.
rab3A may have two di¡erent roles: it e⁄ciently docks
vesicles to the plasma membrane (32) and, secondly, it
regulates the e⁄ciency of the fusion process (33).
Hrs-2, synaptophysin and Munc-18 bind to SNAP-25,
VAMP and syntaxin, respectively (34^36). These three
SNARE-interacting proteins may act as molecular
clamps that inhibit vesicle docking until all elements of
the SNARE-complex are in place. It has been shown that
thebindingofHrs-2 to SNAP-25 is inhibitedbycalciumin
the concentration range that supports exocytosis (34).
Hrs-2 may therefore prevent SNAP-25 from interacting
with the other SNARE-proteins until the cell receives
an outer signal, that results in an increase of intracellular
Ca2+-concentration. Hydrolysis of GTP by rab proteins
is expected to cause the release of synaptophysin and
Munc-18 from VAMP and syntaxin, respectively, which
allows the v- and t-SNAREs to interact in the fusion
reaction.
SNARE-PROTEINS IDENTIFIEDIN
INFLAMMATORYCELLS
Neutrophils
Neutrophils play an important role in defence against
infections and in the in£ammatory process. They have
four distinct cytoplasmic granules; primary, secondary,
tertiary and secretory granules (37). Upon detection of
bacterial invaders, neutrophils migrate to the infection-
site where they endocytose foreign particles byphagocytosis. Neutrophils require cell adhesion mole-
cules on the surface fordiapedesis andmigration through
tissue. Surface translocation of secretory vesicles con-
taining adhesion molecules is regulated by SNARE-com-
plexes (38).
Several SNARE-proteins have been detected in neu-
trophils. Immunoblotting experiments have detected
syntaxin-4, VAMP-2 and SNAP-25 (39,40) (Table 3).
These proteins were present in the plasma membrane
and secretory vesicles. Stimulation of neutrophils
induced migration of VAMP-2 toward the plasma mem-
brane (39).Two isoforms of SNAP-23havebeen detected
at themRNA-level in neutrophils (41).The localization of
these isoforms still has to be determined in these cells.
Using RT-PCR we have not been able to detect SNAP-
25 in neutrophils. Since RT-PCR is more sensitive than
immunoblotting, thepresence of SNAP-25 inneutrophils
is questioned. The fact that SNAP-25 still has been
detected in neutrophils by immunoblotting may be due
to use of SNAP-25 antibodies that cross-react with
SNAP-23.
Mast cells
Mast cells are highly specialized secretory cells that re-
lease pro-in£ammatory mediators such as chemotactic
factors and immunoregulatory cytokines (42).They con-
tain largepopulations of secretorygranules in their cyto-
plasm and undergo exocytosis after stimulation, often
within a few minutes (43), implicating their use of regu-
lated exocytosis.
Syntaxin-3, syntaxin-4, VAMP-2 and SNAP-23
have been identi¢ed inmast cells by immunoblotting (44)
(Table 3).The distribution of these four proteins has been
con¢rmedbiochemically (cell fractionation) andmorpho-
logically (immuno£uorescencemicroscopy). SNAP-23 and
syntaxin-4 are both plasma membrane proteins, while
syntaxin-3 and VAMP-2 are detected as granular pro-
teins. Immuno£uorescent studies have indicated that
SNAP-23 is relocated from the plasma membrane into
the cell interior in stimulated cells. This relocalization is
essential for the exocytosis as inhibition of this process
delays exocytosis (44). Besides the granule ^
plasma membrane fusion of regulated exocytosis, mast
cells can also induce fusion between two intracellular
granules. The relocated SNAP-23 may therefore enable
formation of SNARE-complexes between individual
granules. SNAP-25 has not been detected in mast cells
by immunoblotting (44).
By immunoblotting, immuno£uorescence microscopy
and cell fractionation, synaptotagmin-I has been
localized to secretory granules (45) (Table 3). Synapto-
tagmin-I may have a function in exocytosis from mast
cells, since transfection of mast cells with the synapto-
tagmin-I cDNA elevated the Ca2+-dependent exocytosis
(45).
TABLE 3. Presence of SNARE-proteins in in£ammatorycells
Proteinprototype Neutrophils Mastcells Macrophages Eosinophils Basophils
Syntaxin Syntaxin-3*
Syntaxin-4
Syntaxin-3
Syntaxin-4
Syntaxin-2
Syntaxin-3
Syntaxin-4
Syntaxin-3* ?
SNAP-25 *  ? * ?
SNAP-23 + + ? +* +*
VAMP VAMP-1*
VAMP-2*
VAMP-2 VAMP-related VAMP-1*
VAMP-2*
?
NSF  ? + ? ?
a-, g-SNAP ? ? a-SNAP ? ?
Synaptotagmin * + ? * ?
References 39,41 44,45 47^49 52
:The protein or its mRNA not detected; +: the protein or its mRNA detected; ?: no available data; *: own unpublished
results using RT-PCRonhumancells.
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Macrophages play a primary role in immune defence by
phagocytosis ofpathogens.Duringphagocytosis aphago-
some is formed, which matures by speci¢c fusion with
intracellular vesicles. In addition to phagocytosis the
macrophages also have a pro-in£ammatory function by
rapidly releasing cytokines (46).
Syntaxin-2, syntaxin-3 and syntaxin-4 havebeen iden-
ti¢ed inboth thephagosomal- andplasmamembranesby
immunoblotting (47) (Table 3). VAMP has also been
detected in macrophages by immunoblotting (48)
(Table 3). This protein was identi¢ed due to its recogni-
tion of VAMP antibodies in immunoblotting experiments
andits sensitivity to tetanus toxin. In addition,NSF anda-
SNAP have been identi¢ed on phagosomes containing a
living intracellular pathogen, Listeria (49) (Table 3). This
implicates that SNARE complex proteins participate in
endocytosis in macrophages as well.
Eosinophils and basophils
Both eosinophils andbasophils release toxic granule pro-
teins by degranulation, which plays a central role in
hostdefence and in thepathophysiologyof diseases asso-
ciated with eosinophils and basophils.The degranulation
process in both eosinophils and basophils is believed to
happen through regulated exocytosis, since the process
is very rapid (50,51). By RT-PCR we have identi¢ed syn-
taxin-3A,VAMP-1,VAMP-2 and SNAP-23 in human eosi-
nophils, whereas SNAP-25 and synaptotagmin were not
expressed in these cells (Table 3). In addition, functional
experiments showed that pretreatment of eosinophils
with tetanus toxin, which cleavesVAMP-2, inhibited eo-
sinophil degranulation(52). This indicates that VAMP-2
has a functional role in eosinophil degranulation. In baso-phils only SNAP-23 has been detected (unpublished
data).
T- and B-lymphocytes and dendritic cells
Both the lymphocytes and dendritic cells are part of the
immune defence of mammals against foreign invaders.
Dendritic cells present antigens to theT-cells, which by
releasing cytokines attract the other in£ammatory cells
and thereby cause in£ammation. In the in£ammatory
process, the B-lymphocytes release antibodies. By bind-
ing to the e¡ector cells, the antibodies activate these
cells (53).
Exocytosis from lymphocytes and dendritic cells may
happen through regulated exocytosis. There is circum-
stantial evidence that some T-cells release preformed
cytokines upon stimulation via the T-cell receptor
(N.Òdum, pers. comm.). So far no proteins participating
in regulated exocytosis have been identi¢ed in these
cells.
NEWINSIGHTSREGARDINGSNARES
INREGULATEDEXOCYTOSIS
Interest in the SNARE-hypothesis has been great be-
cause it may explain all intracellular vesicular fusion
events.Many of the protein^protein interactions postu-
lated by the SNARE-hypothesis have been con¢rmed
over thepast few years.However, recentworkhas ques-
tioned some of the postulates of the SNARE-hypothesis.
One question concerns the speci¢city of vesicle tra⁄c. Is
it regulated by the SNARE-complex formation alone or
do other regulatorymechanisms exist?
The essential postulate of the original SNARE-
hypothesis was that a v-SNARE interacted with two
778 RESPIRATORYMEDICINEt-SNAREs to determine target speci¢city in membrane
tra⁄cking. However, now it appears that the SNARE-
proteins participate in the formation of several di¡erent
SNARE-complexes and therefore are able to pair with
more than one set of partners (28,54). Therefore, addi-
tional regulatory proteins may contribute to the speci¢-
city. In addition, no prevention of vesicle docking was
seen inDrosophila expressing de¢cient syntaxin (55).The
¢nding that both t-SNAREs, SNAP-25 and syntaxin, are
present on vesicles, has questioned the docking process
described by the SNARE-hypothesis even more (56).
Recently, calciumwas found to induce fusionwithout for-
mation of the SNARE-complex.When the SNARE-com-
plex was disrupted, vesicles were still able to bind to the
plasma membrane and retain full ability for Ca2+-
triggered exocytosis (57). Thus, several factors other
than v- and t-SNAREs determine the speci¢city of
vesicle ^targetmembrane fusion.
Another question regarding the original SNARE-
hypothesis is: when does NSF/SNAP enter the process
of vesicle docking and fusion? According to the original
SNARE-hypothesis NSF and SNAP act on the SNARE-
complex at the point of vesicle docking and immediately
before fusion. However, new data indicate that NSF and
SNAP act on SNARE complexes on undocked vesicles.
NSF and a-SNAP have been puri¢ed from secretory vesi-
cles (58), and it has been shown that theydisassemble the
SNARE-complex on the vesicles (59). Since NSF/SNAP
havebeen shown to change the conformation of syntaxin
(60), it is possible that NSF/SNAP, by binding to the
SNARE complex on the vesicles, can modify the confor-
mation of the SNAREs and thereby prepare vesicles for
the following round of docking and fusion. In addition, it
couldbe thatNSF/SNAP also couldprepare t-SNAREs lo-
cated on the plasma membrane for vesicle docking (60).
The original SNARE-hypothesis can explain many in-
tracellular events, but there are still someunsolved ques-
tions.Therefore, the SNARE-complex hypothesis has to
be reassessed to give a more clear picture of the mole-
cular machinery controlling regulated exocytosis.
PERSPECTIVES
Attention has to be paid to prevention of the in£amma-
torycascadebefore it gets established.Bypreventing the
release of solublemediators from the in£ammatorycells,
several toxic e¡ects caused by these cells can be inhib-
ited.Here it is important to understand the SNARE-ma-
chinery in in£ammatory cells.The proteins implicated in
the regulatedexocytosis from the in£ammatory cells can
be awholenew setofpromising targets fordrugs.Future
challenges are to elucidate the actual functional role
playedby proteinsmediating exocytosis in the in£amma-
tory cells.This exciting ¢eld of future researchwill hope-
fully provide us with new strategies for therapy.REFERENCES
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